Abstract -Providing variable load for testing a motor in high speed conditions is usually a difficult task. The eddy current brake can be used in application of load testing of motors. This paper deals with construction of a novel claw pole eddy current brake which is employed as a load for a DC counter rotating motor (CRM). These kinds of motors have two inner and outer shafts that rotate in opposite directions simultaneously, which are particularly suitable for under water propulsion systems. The prototype 45KW eddy current brake consists of two parts. One of them is installed on the inner shaft of the 60KW DC CRM and the other one is installed on its outer shaft. The simulation and experimental results with prototype brakes are also analyzed by using MATLAB/Simulink and the operational characteristic of the brake is demonstrated as a function of the motor speed and current of the magnetic poles.
Introduction
To improve economy of fuel used in ships, many devices have been designed to have the energy lost in a propeller recovered. One of the best answers yet found to recover energy from the rotational propeller is to have a second propeller rotating in the opposite direction. Such an additional propeller is called a counter rotating propeller (CRP). A counter rotating motor (CRM) is suitable for the implementation of a CPR. CRMs draw interest in being applied in the underwater marine environment increasingly because of their considerable advantages, such as high efficiency [1] - [2] . Providing a load test condition of a CRM is difficult because of its counter rotating property. In order to solve this problem, employing an eddy current brake seems appropriate.
Eddy current brakes are electromechanical devices used in two types of application. Many papers reported the application of eddy current brake in vehicles using a finit element method in order to do 2D or 3D analysis [3] - [5] . The second application of eddy current brakes is for load testing of a motor in high speed conditions [6] . In this paper the novel eddy current brake is employed as a variable load for testing the CRM motor.
The principle behind the operation of an eddy current brake relates to basic electromagnetic induction theory. This theory is based on Faraday's induction law, i.e. when a conducting element moves through a constant magnetic field; a current is induced. This current reacts with the magnetic field to produce a force which opposes the motion of the element [7] . This retarding force (torque) can be employed as a load for an electrical machine.
The main property of the presented eddy current brake is due to its claw pole structure which has not been reported in any paper before. The schematic of this brake is shown in Fig.1 . The stator of this brake consists of only one excitation coil placed between some claw pole pairs. These claw poles produce a magnetic field with a high number of pole pairs.
Rotational Cylinder
Fixed Core In Fig.1 , only one pair of claw poles is shown. If the windings are excited by a direct current and the cylinder is rotated by external torque (Te), relative motion between the cylinder and the magnetic field generated by the core, induces an eddy current within the iron cylinder body. Interaction between the magnetic field and the induced eddy currents produces a retarding torque (Tm) which is a function of the dc excitation current, cylinder speed, and electromagnetic properties of the solid iron. If the rotational cylinder in Fig.1 is coupled to the motor and rotated by it, this method of loading is especially applicable for testing motors with a high-speed range. Therefore, such a device can be used as a brake for determining the torque-speed curves of electric motors.
This paper deals with construction of novel claw pole eddy current brakes which are employed as loads for dc counter rotating motors and part II deals with design and modeling of eddy current loss which is applicable for designing the eddy current brakes. In addition, the magnetic analysis of the claw pole eddy brake will be described in part II.
Overview of the Experimental System
The schematic of the whole system is shown in Fig.2 . The counter rotating motor has two inner and outer shafts that rotate in opposite directions. Two claw pole eddy current brakes are used for load testing of the motor. Each of these breaks is connected to a shaft. Two current sources are used for exciting the coils of the eddy brake. The description of each part of the system is as follows:
Structure of Counter Rotating Motor
In order to recover energy from the rotational flow of a propeller in ships, a second propeller that rotates in the opposite direction is needed. For solving this problem, the CRM has been employed as a resolution. The cross sectional view of prototype 60KW DC CRM is shown in Fig. 3 , whereas Table 1 demonstrates the machine's overall characteristics. These types of motors have inner and outer shafts. For DC CRM, an electromagnetic torque is applied on the stator (outer rotor) and rotor (inner rotors) with the same magnitude, but in opposite directions. As the inertia of the two rotors is different, their speeds aren't the same in the steady state.
Structure of Claw Pole Eddy Current Brake
The rotary type eddy current brake and cross section of it are shown in Fig.4 and Table 2 is tabulated with its measured mechanical dimensions. The main parts of the prototype eddy current brake, including excitation coil, claw pole, and rotative cylinder are shown in Fig (5) and (6) . It has been supposed that the cylinder is rotated by the motor shaft. As the current source is connected to the excitation coil, a magnetic field is generated in the core and the claw poles produce a magnetic field with a high number of pole pairs. In this state, as the cylinder is rotated by DC CRM, eddy current is induced within. Therefore mutual interaction of the eddy current and the magnetic field generates retarding torque. Finally the disagreement between the retarding torque and the main torque (motor torque) causes heat loss in the cylinder. In this paper the eddy current brake is coupled to the motor. As mentioned in section 2.1, the CRM rotates in two directions simultaneously; so two eddy brakes are employed as load in this system. Each brake is connected to either shaft of CRM.
Current Source
In this system, two current sources are used. The role of the current sources is generating the magnetic field in excitation coils. The nominal current of each is 30A. As the current source is connected to excitation coils, the magnetic field is generated in the core.
Experimental Results
Eddy current loss in a conductive material occurs when it is subjected to a time varying magnetic flux. In fact, the disagreement of the retarding torque and main torque (motor torque) leads to heat loss in the cylinder.
As the eddy current causes heat, this type of loss is called eddy current loss. Exact prediction of the eddy current loss is difficult in electrical machines. On the other hand, the value of the eddy current loss is an important issue both in the designing and analysis of eddy current brakes. In this section approximate values of eddy current loss in eddy brakes at different speeds and for specified excitation currents are calculated. The experimental system is shown in Fig.7 . The counter rotating motor is coupled to both eddy brakes. One of them is coupled to the inner and the other to the outer shaft of the motor. Also, both eddy current brakes are connected to the current sources. The nominal current of these sources is 30A. Since the two rotors of the CRM rotate in two opposite directions at the same time, the two eddy brakes do likewise. Hence, testing of the motor is divided to two states; in each, one of the brakes is blocked.
Blocked Eddy Current No.2
In this state the second eddy brake is blocked. The motor is tested in a no load condition for which the excitation currents of the eddy brakes are set to zero. In this condition the no loading loss of the system which includes mechanical loss of the motor, eddy current loss of the motor and mechanical loss of the eddy brake are as follows: Table 3 . According to these results and by interpolation method, the curve of no loading loss of the system is shown as a function of the motor speed in Fig.8 .In the next step, while the second eddy brake is blocked, the excitation current of the eddy current brake no.1 is set to a non-zero value. In this condition, the loading loss of the system includes the mechanical loss of the motor, eddy current loss of the motor, mechanical loss of the eddy brake and eddy current loss of the eddy brake is as follows: Table 4 .
For specified values of the current source, performing the same test and calculating the loading loss in each step is done and the curve of loading loss of the system as a function of motor speed is shown in Fig.9 .
Assuming that the sum of mechanical loss of the motor, mechanical loss of the eddy brake and the eddy current loss of the motor is equal in loading and no loading tests in same speed conditions, the eddy current loss of eddy brake is the result of subtracting equations (1) and (3) . According to this and by interpolation method, the eddy current loss of the eddy brake as a function of motor speed (cylinder speed) for specified values of excitation current is shown in Fig.10 .
For each excitation current, the value of flux in air gap of the eddy brake can be determined. Measuring this flux will be explained in part II of this paper. Finally the eddy current loss of the eddy brake is shown as a 2dimensional function of the excitation current and speed in Fig .11 . 9 . The loading loss of system includes the mechanical loss of motor, mechanical loss of brake and eddy current loss of motor and eddy current loss of brake in state 1 (Ir is the value of first current source). 
Blocked Eddy Current No.1
In this state the first eddy brake is blocked and the stages mentioned in section 3.1 were repeated. Regarding this point, the results of testing the motor in this condition are presented in Table 5 and 6. Also the plots of a no loading loss curve of the system, the loading loss curve of the system and the eddy current loss of the eddy brake as functions of motor speed (cylinder speed) are shown in Fig.12, 13 and 14 respectively. Furthermore, the eddy current losses as a 2dimensional function of the excitation current and speed are shown in Fig.15.   Fig.13 .The loading loss of system includes the mechanical loss of motor, mechanical loss of brake, eddy current loss of motor and eddy current loss of brake in state 2 (Is is the value of second current source). 
Conclusion
Counter rotating motors are used in ship applications. Since providing variable loads for testing counter rotating motors is difficult, this paper deals with the construction of novel claw pole eddy current brakes. The main property of the prototype eddy brake is the claw pole structure of it. This kind of structure creates multiple pole pairs. The behavior of two novel eddy current brakes is well described by their characteristics curves, demonstrating the eddy current power loss curves as functions of the rotational speed and excitation current. This approach for load testing has the advantage of simplicity in structure. In part II of this paper we will propose the modeling of eddy current brake losses as a function of excitation current and rotational speed which is useful for designing the claw pole eddy current brake. 
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